Prohead RNA (pRNA) is an essential component of the selfassembling 29 bacteriophage DNA packaging motor. Different related species of bacteriophage share only 12% similarity in pRNA sequences. The secondary structure for pRNA is conserved, however. In this study, we present evidence for self-assembly in different pRNA sequences and new measurements of the energetics for the quaternary interactions in pRNA dimers and trimers. The energetics for self-assembly in different pRNA sequences are similar despite very different sequences in the loop-loop interactions. The architecture surrounding the interlocking loops contributes to the stability of the pRNA quaternary interactions, and sequence variation outside the interlocking loops may counterbalance the changes in the loop sequences. Thus, the evolutionary divergence of pRNA sequences maintains not only conservation of function and secondary structure but also stabilities of quaternary interactions. The self-assembly of pRNA can be fine-tuned with variations in magnesium chloride, sodium chloride, temperature, and concentration. The ability to control pRNA self-assembly holds promise for the development of nanoparticle therapeutic applications for this biological molecule. The pRNA system is well suited for future studies to further understand the energetics of RNA tertiary and quaternary interactions, which can provide insight into larger biological assemblies such as viruses and biomolecular motors.
Prohead RNA (pRNA) 2 is an essential component of the biomolecular motor that packages DNA into 29 bacteriophage viral capsids (1, 2) . At least four very different RNA sequences with conserved secondary structures ( Fig. 1) (3) are capable of fulfilling this unique function in bacteriophage. The 29 RNA interacts with the gp16 ATPase that drives the biological motor (4) . Mutations in the pRNA can inactivate the biological motor and packaging activity (4 -10) . The role of pRNA and the mechanism of this biological motor are a controversial area of active research (11) (12) (13) (14) (15) . This biological nano-motor can package the 19,300 bases of the 29 DNA genome into the viral capsid against a load as high as 57 piconewtons with a maximum force exceeding 100 piconewtons, thus filling the capsid to Ͼ50% capacity and reaching internal pressures as high as 60 atm (16 -19) . Cryo-electron microscopy of in vitro assembled packaging motors showed a ring of five pRNAs interacting with a ring of five gp16 ATPases and a ring of 12 gp10 connector proteins to form the core of the nanomotor (12) . Biophysical studies of the components of this motor can contribute to understanding how the motor assembles and works to package DNA.
pRNA is a natural sequence with the unique property of forming ring nanostructures. pRNA self-assembles in dimers, trimers, pentamers, and hexamers through loop-loop interactions ( Fig. 2) (5, 9, 14, 15, 20) . HNN-COSY NMR experiments have shown the formation of intermolecular hydrogen bonding in Watson-Crick pairs between two RNA hairpin models of the loop-loop interaction (21) . All of the natural sequences for pRNA contain the potential for Watson-Crick pairing within the interlocking loops, i.e. the CE and D loops ( Figs. 1 and 2) . The novel self-assembly properties of pRNA are the basis for using pRNA as a nanoparticle building block and therapeutic delivery vector (22) (23) (24) (25) (26) (27) (28) (29) . RNA has a tremendous capacity for forming diverse nanostructures, including tRNA squares (30, 31) , cubes (32) , polyhedrons (33) , nanorings (34) , filaments (35) , paranemic motifs (36) , and nanocrowns (37) . Understanding the sequence variation of pRNA self-assembly will enable future design of nanoparticles and nanomotors. This work provides the biophysical foundations for further studies on the structures and applications of this naturally self-assembling RNA nanoparticle.
Although previous studies have thoroughly explored the selfassembly of the 29 RNA sequence (5, 9, 14, 15, 20, 38 -40) , biophysical studies on other pRNA sequences have not been pursued. The potential to form loop-loop interactions occurs in a very different surrounding architecture in the different natural pRNA sequences. The sequences of the multibranch and bulge loops vary, and the lengths of the helices that position the nucleotides to pair in the interlocking loops are very different in different pRNA sequences. This study reports the self-assembly of the M2, SF5, and GA1 pRNAs; the free energies for dimer formation; the effects of swapping interlocking loop sequences; and the differential effects of metal ions and temperature on pRNA multimerization. The self-assembly in the native pRNA sequences shows similar stabilities of dimer formation, although swapping the interlocking loop sequences results in different dimer stabilities. Evidently, sequence variation out-side the interlocking loops may compensate for the different stabilities of loop-loop interactions. Thus, the divergent pRNA sequences maintain not only secondary structure and function but also the energetics of quaternary interactions.
EXPERIMENTAL PROCEDURES
RNA Preparation-The sequences of M2 and GA1 pRNAs were cloned from genomic DNA provided by Dr. Shelley Grimes (University of Minnesota). A synthesized DNA sequence (Integrated DNA Technologies) was used as template for SF5 sequence amplification. The PCR product was ligated into the pGEM-T vector (Promega Corp.). A plasmid for the 29 pRNA sequence was kindly provided by Dr. Nicola Stonehouse (University of Leeds). Loop mutants were prepared by site-specific PCR mutation of plasmid pGEM-T pRNA using a Stratagene QuikChange kit. The primers used in this study are listed in supplemental Tables S1 and S2. The identity of all clones was confirmed by the DNA sequencing facility at the University of California at Davis. The RNAs were produced by T7 in vitro transcription (41) and purified by denaturing PAGE. pRNA was 32 P-labeled using T4 polynucleotide kinase, and the purity was Ͼ90%. The RNA was dialyzed at least three times using Centricon filters to equilibrate the RNA in defined salt and buffer conditions. Sedimentation Velocity Analysis-Analytical ultracentrifugation experiments were conducted in the same buffer conditions as used for native gels to determine the molecular weight of gel bands. Sedimentation velocity experiments were run at 4°C and 35,000 rpm in a Beckman XLA centrifuge with an An-60 TI rotor. The rotor and cells were pre-equilibrated at 4°C, and the samples were renatured from 90 to 4°C by snap cooling on ice. The buffer for the sample was 90 mM Tris, 200 mM boric acid, 5 mM NaCl, and 10 mM MgCl 2 (pH 7.5). Standard double sector cells were loaded with 500 l of buffer and 500 l of the appropriate sample solution. Absorbance scans at a wavelength of 260 nm were acquired at 10-min intervals. Buffer density and viscosity were calculated to be 1.0064 g/ml and 1.0871 poise at 4°C, respectively. A value of 0.55 ml/g was used for the partial specific volume for the RNAs (14, 15) . Data were analyzed with UltraScan-9.9 software and fit using van Holde-Weischet analysis, two-dimensional spectrum analysis, and genetic algorithm analysis (42, 43) .
Native Gel Electrophoresis-Detailed renaturing protocols for each gel with specific buffers are included in the figure legends. After at least 30 min of equilibration, the pRNA sample was mixed with 40% (w/v) sucrose loading buffer and run on a 10% polyacrylamide gel buffered at pH 7.5 in 90 mM Tris and 200 mM boric acid with different concentrations of NaCl or MgCl 2 . The gel and buffer were precooled for 4°C experiments. Gels were exposed to a PhosphorImager screen and read with a Loops are represented as balls, and helices are represented as sticks. The angles between helices are shown as right angles for simplicity, but coaxial stacking and helix orientations have not been experimentally determined yet. The helices are labeled in the monomer diagram. Helix B extends from the 3Ј-end of helix A in the full-length 174-mer pRNA but is not necessary for self-assembly or motor function and is not shown. The CE bulge loop and the D hairpin loop are shown as orange balls. Base pairing interactions between the CE and D loops is proposed to occur in pRNA dimers and multimers. The arrangement of pRNA in a pentamer is based on cryo-electron microscopy of in vitro assembled packaging motors (12) . GE Storm scanner. Band intensities were quantified with ImageQuant software. The molecular weights for conformations of 29, M2, GA1, and SF5 at high and low concentrations were determined by analytical ultracentrifugation to accurately identify monomer and dimer bands. DNA ladders were used only as control markers for consistency in running many native gels.
For measurements of dissociation constants of the native pRNA sequences, the same amount of 32 P-labeled pRNA was added to serial dilutions of unlabeled pRNA over an ϳ1000-fold concentration range. The concentration of monomer was calculated from the ratios of the band intensities and then plotted as monomer concentration versus fraction multimer (supplemental Fig. S1 ). The slope of the line indicates the equilibrium constant between monomer and dimer formation, according to the following equations for dimer and trimer formation, respectively: 2 pRNA 7 pRNA 2 , [mono] ϭ K d2 ([total]/[mono] Ϫ 1)/2; and 3 pRNA 7 pRNA 3 , [mono] 2 ϭ K d3 ([total]/[mono] Ϫ 1)/3, where [mono] is the concentration of pRNA in the monomer state, and [total] is the total pRNA concentration. The reported dissociation constants for the conditions shown in Fig. 3 are the average of at least three measurements with an estimated error of Ϯ15%. The dissociation constants for natural pRNAs in other conditions and mutant pRNA sequences were estimated from the results presented in Fig.  4 and supplemental data.
UV Optical Melting-UV absorbance was measured with a Beckman DU800 spectrometer equipped with a temperature controller. Absorbance versus temperature curves of the pRNA were measured at 260 nm in 100 mM NaCl and 10 mM sodium cacodylate (pH 7.0) containing various concentrations of MgCl 2 . The heating rate was 1°C/min. Before melting, the pRNA sample was renatured from 90 to 4°C by snap cooling on ice.
Circular Dichroism Spectroscopy-The CD spectra of pRNA sequences at 4°C were measured for 3 M pRNA using a J-820 spectropolarimeter (JASCO Co., Ltd., Hachioji, Japan) with a 0.1-cm path length quartz cell. The CD spectrum was obtained by taking the average of three scans made at 0.5-nm intervals from 200 to 400 nm. Before measurement, the pRNA sample was renatured from 90 to 4°C by snap cooling on ice. The tem-perature of the cell holder was regulated by a PTC-348 temperature controller (JASCO Co., Ltd.), and the cuvette-holding chamber was flushed with a constant stream of dry N 2 gas to avoid water condensation on the cuvette.
RESULTS AND DISCUSSION
All Natural pRNA Sequences Form Monomers, Dimers, and Higher Order Multimers- Table 1 shows the molecular weights of pRNA conformations measured at low and high concentrations of pRNA. Analytical ultracentrifugation separates different conformations on the basis of mass, size, and shape. For 29, M2, GA1, and SF5, the first species had a molecular weight consistent with a monomer pRNA, and the second species had a molecular weight consistent with dimer formation. The percentage of the population in the dimer conformation increased at higher pRNA concentrations. Accurate analysis became more difficult for more than two species and at higher molecular weights; however, the next species appeared to be consistent with trimer formation. The SF5 pRNA sequence showed many higher order species. The pRNA sequence with only U nucleotides in the interlocking loops, mutant 1, formed only one conformation with a molecular weight consistent with monomer formation. The analytical ultracentrifugation experiments identified monomer and dimer conformations of 29, M2, GA1, and SF5, providing benchmarks for native gel experiments.
Dissociation Constants for Different pRNA Sequences Are Similar Despite Different Interlocking Loop Sequences- Fig. 3 shows the native gel analysis of natural pRNA sequences forming dimers and trimers. At low concentrations, M2 and GA1 pRNA sequences formed only monomers and dimers ( Fig. 3 and supplemental Fig. S2 ). These lanes were thus used to calculate the equilibrium constant for dimer formation. At very low concentrations, SF5 formed a monomer and trimer. Then as the concentration increased, more SF5 monomer formed dimer and trimer and higher order multimers. Thus, a simple dissociation constant for SF5 dimerization could not be calculated. Instead, the low SF5 concentration lanes were used to calculate the equilibrium constant for trimer formation. An estimate of the SF5 dimerization dissociation constant could be 
GA1, and mutant 1 pRNAs in analytical ultracentrifugation
The pRNA samples are renatured from 90 to 4°C by snap cooling on ice in 5 mM NaCl and 10 mM MgCl 2 with 90 mM Tris and 200 mM boric acid (pH 7.5). The reported molecular weights in grams/mol are from the genetic algorithm analysis with an estimated error of 10% from all sources of experimental error. The molecular weights of species 1 are consistent with monomer molecular weights. The molecular weights of species 2 are consistent with a dimer conformation. -, no conformation was observed with this molecular weight. calculated with the assumption that dimer formation is not an intermediate in trimer formation. The 29 sequence showed a sharper transition from monomer to dimer in the absence of sodium chloride (Fig. 3B) , which is the best ionic condition for the calculation of 29 dimerization dissociation constants. The measured dissociation constant for 29 dimerization is 6.45 ϫ 10 Ϫ7 M in the presence of 10 mM MgCl 2 , which agrees within experimental error with previous measurements made by equilibrium sedimentation (44) . M2 and GA1 also formed dimers in 10 mM MgCl 2 (supplemental Figs. S3 and S4). Each natural sequence responded slightly differently to changes in ionic conditions, which can complicate direct comparisons of energetics measurements. However, in 10 mM MgCl 2 with or without 5 mM NaCl, the dissociation constants are within experimental error for the calculation of free energies.
The dissociation constants and free energies for pRNA selfassembly are summarized in Table 2 . All four natural pRNA interlocking loop sequences contain possible Watson-Crick pairing. The predicted free energies for the Watson-Crick pairing between loops were calculated using the INN-HB model and Turner rules (45) . If Watson-Crick pairing were the only contribution to the stability of pRNA self-assembly, then a range of 5 orders of magnitude in dissociation constants would be predicted for pRNA self-assembly. In contrast, the stabilities of pRNA self-assembly in M2, GA1, and 29 sequences are within experimental error. The trimer dissociation constant for SF5 (1.88 ϫ 10 Ϫ15 M 2 ) is similar to the trimer dissociation constant for 29 (8.58 ϫ 10 Ϫ14 M 2 ) previously measured by equilibrium sedimentation (44) . Thus, similar stabilities of tertiary and quaternary interactions occur in pRNA assembly of different natural sequences.
Any Combination of Consecutive Watson-Crick or GU Pairs Facilitates pRNA Dimer Formation-To test the potential of the interlocking loops to direct pRNA self-assembly, several mutations swapping the interlocking loop sequences were studied ( Fig. 4 and Table 3) . Surprisingly, all interlocking loop sequences with at least two consecutive Watson-Crick or GU pairs formed dimers. In the absence of magnesium, no dimer was formed, which is consistent with previous studies of the magnesium dependence of 29 dimerization (38, 39) . The overall architecture in pRNA may be conducive to forming dimers and place the loops in the correct position to interact, and then the pairing interactions between the loops may simply stabilize the dimer.
All of the mutants except mutant 1 could form Watson-Crick or GU pairs. For example, mutant 3 has 5Ј-UU-3Ј and 5Ј-AA-3Ј in the CE and D loops, respectively; and mutant 6 has 5Ј-AU-3Ј and 3Ј-UA-5Ј in the CE and D loops, respectively. Mutant 2 Additional bands in the same lanes outside of the region of gel shown were not observed. The positions of monomer and dimer bands were benchmarked using analytical ultracentrifugation experiments. DNA size markers were used only as a reference for consistency in comparing many different gels (supplemental Table S3 ). Additional gel data at different pRNA concentrations and ionic conditions are included in supplemental Figs. S2-S6. (45) . b The predicted dissociation constant of dimer formation was calculated from the predicted ⌬G 4 0 for the Watson-Crick interacting base pairs. c The reported dissociation constants are the average of at least three measurements with an estimated error of Ϯ15%. d The K d for dimer formation was calculated assuming that dimer and trimer formation in SF5 pRNA follows two independent pathways. e The value is the K d for trimer formation. f The free energy for the 29 base pairing considers the two GC base pairs, consistent with the NMR data of this interaction (21) . could form only GU pairs between the loops. However, consecutive terminal GU pairs can stabilize RNA helices, and helices with only GU pairs can form (46) . Mutant 5 could form a mixture of Watson-Crick and GU pairs, 5Ј-AUC-3Ј and 3Ј-UGG-5Ј in the CE and D loops, respectively. Some mutated pRNA sequences had two lower bands, suggesting that the monomer may fold into more than one conformation. However, at least one of these conformations was able to form dimers. Secondary structure predictions from RNAstructure 4.6 (39) for all of the 29 mutants suggested that all of the sequences can fold into similar monomer secondary structures as wild-type 29. The combinations of mutants 2 and 3 and mutants 5 and 6 have the potential to form heterodimers, although the heterodimer and homodimers could not be distinguished on a gel (supplemental Fig. S5 ).
The only sequence that did not form dimers under any conditions is mutant 1, with only U nucleotides in the loop. The molecular weight of mutant 1 was confirmed by analytical ultracentrifugation ( Table 1 ). The inability of mutant 1 to form a dimer even at 20 M suggests that the renaturing process does not cause the monomers to completely unfold all helices and then refold as one long duplex with internal loops but rather supports the interpretation that dimers are forming between two folded monomers. The wide variation in dissociation constants in the mutants is also inconsistent with the possibility of forming one long duplex. The 3 orders of magnitude range of dissociation constants for the mutants is much greater than would be expected for internal loop sequence variation in a long duplex (47, 48) . Chemical modification experiments show many changes upon dimerization but do not conclusively prove monomer or dimer formation (49) . The snap cooling procedure and the formation of trimers and higher order multimers also support the interpretation of self-assembly among folded monomers.
Mutants 14 and 15 form a small amount of dimer with increasing concentration (Fig. 4F ). Previous studies of these pRNA mutants did not detect dimer formation using less sensitive UV absorption detection (5, 7, 9) . The increased sensitivity of 32 P-labeled RNA enables detection of dimer formation at 2 orders of magnitude lower concentration than the wild-type sequence. These mutants have the potential to form AU and GU pairs in the interlocking loops. The formation of base pairs in the interlocking loops in mutants 14 and 15 is consistent with the low levels of packaging activity retained by these mutants (5) .
Sequence Variation outside the Interlocking Loops Contributes to the Stability of pRNA Self-assembly-The predicted free energies of Watson-Crick pairing between the interlocking loops does not fully account for the stabilities of pRNA selfassembly in natural sequences ( Table 2 ). The assembly of the mutant pRNA sequences suggests that the pairing in the looploop interaction stabilizes the intrinsic propensity of the pRNA molecule's overall shape and architecture to dimerize. Within the context of the 29 pRNA architecture or surrounding sequence, the CE and D loop sequences for SF5, M2, and GA1 were studied as single and double mutants. For example, mutants 2-4 contain the SF5 sequence in the CE loop, D loop, or both loops, respectively, in the 29 pRNA architecture ( Fig.  4 and Table 3 ). Similarly, mutants 5-7 and mutants 8 -10 contain the M2 and GA1 loop sequences in the context of the 29 pRNA architecture. In addition, the 29 CE and D loop sequences were studied in the context of the SF5, M2, and GA1 surrounding sequences (mutants [11] [12] [13] .
For the SF5 loop sequences in the 29 surrounding sequences, changing either the CE or D loop (mutant 2 or 3) did not significantly decrease the stability of dimerization compared with wild-type 29. Changing both the CE and D loops to the SF5 sequences (mutant 4) decreased the dimerization stability by 2 orders of magnitude, however. Similarly, the single M2 loop mutation 5 and 6 had little effect, whereas the double M2 loop mutation 7 decreased dimerization stability by over an order of magnitude. In the case of the GA1 loop sequence mutants in the 29 architecture (mutants 8 -10), the measureable single mutant 9 and the double mutant 10 decreased the stability of dimerization by 2 orders of magnitude relative to wild-type 29. Thus, changing both the CE and D loops together does not recover stability by providing the matching interlocking loop sequence but rather further decreases stability in a context-dependent manner.
All of the double CE-D loop mutants (mutants 4, 7, and 10) were not only less stable dimers than wild-type 29 but also less stable than any of the natural wild-type pRNA sequences (Tables 2 and 3 ). For example, mutant 10 with the GA1 interlocking loop sequences in the context of the 29 architecture has a K d of 1.97 ϫ 10 Ϫ4 M; the dimerization dissociation constant for mutant 10 is 2 orders of magnitude less favorable than the natural GA1 pRNA sequence (K d ϭ 2.73 ϫ 10 Ϫ6 M). Thus, additional tertiary and quaternary interactions outside of the loop-loop interaction are likely responsible for the 2 orders of magnitude difference in dimerization between these double mutants and the natural pRNA sequences.
The contributions to dimer stability of the loop sequences and the surrounding sequences are interdependent and not simply additive. For example, the GA1 surrounding architecture may provide very stabilizing interactions for the GA1 CE and D interlocking loops because 29 and GA1 pRNAs have similar stabilities in dimer formation, but mutant 10 dimerization (GA1 loop sequences and the 29 surrounding sequence) is much less favorable. One prediction from these observations could be that the combination of 29 loop sequences in the GA1 surrounding architecture (mutant 13) would be exceptionally stable. However, both mutant 10 (GA1 loop sequences in the 29 surrounding sequence) and mutant 13 (29 loop sequences in GA1 surrounding sequences) formed less stable dimers than either natural 29 or GA1 pRNA. Thus, the contributions of the loop sequences and the surrounding architecture are synergistic in pRNA dimer formation.
When the 29 CE and D loop sequences were inserted into the surrounding sequences of SF5, M2, and GA1 (mutants [11] [12] [13] , the stability of dimer formation was reduced by 1-2 orders of magnitude in a dissociation constant. Thus, the decrease in dimer formation stability when mutating the loop sequences is not unique to the 29 architecture. Interestingly, mutant 4 with the SF5 CE and D loops in the context of the 29 architecture and mutant 11 with the 29 CE and D loops in the SF5 architecture did not show any propensity for trimer formation or high order multimers.
Thus, the sequence of the interlocking loops and the surrounding sequence together create stable dimers. The surrounding sequences may correctly position the nucleotides to form Watson-Crick or GU pairs. The surrounding sequences may have complementary shapes that facilitate dimer formation but still require stable pairing in the interlocking loops. Forming pairs in the interlocking loops may change the conformation and stability of the surrounding sequence, for example, by stabilizing a particular coaxial stacking arrangement in the multibranch loop that is dynamic in the monomer but more rigid in the dimer. The bulged nucleotides in the surrounding architecture may then further stabilize dimer formation but only when the right combination of pairing interactions and conformational changes occurs during dimerization.
All Natural pRNA Sequences Require Magnesium for Self-assembly-Magnesium often stabilizes RNA tertiary interactions (50) and also stabilizes the quaternary interactions in pRNA assembly. For example, reducing the magnesium concentration increases the 29 pRNA concentration necessary for trimer formation. In the presence of 2 mM MgCl 2 and 5 mM NaCl, the 29 pRNA did not form a trimer until 10.1 M pRNA, whereas trimer formation occurred at 0.64 M in 10 mM MgCl 2 a Dissociation constants were estimated at the concentrations of mutant pRNA in gels shown in Fig. 4 in the ionic condition of 10 mM Mg 2ϩ and 5 mM Na ϩ . b The estimated free energy was calculated with the dissociation constants. c No dimer was formed. d The pRNA formed intermediates between monomer and dimer. e The four consecutive bases (AACC) in CE loop for intermolecular interaction were mutated to GCGA, and those in D loop (GGUU) were mutated to UCGC. Previous experiments studying 29 pRNA dimerization with UV absorbance did not detect any dimerization with these mutants (7) . More sensitive 32 P labeling detected dimerization of these mutants in the conditions reported under "Experimental Procedures" and for Fig. 4F .
pRNA Energetics and Self-assembly and 5 mM NaCl (supplemental Fig. S6 ). None of the natural pRNA sequences formed dimers without magnesium in up to 100 mM NaCl, which suggests that higher monovalent ionic conditions do not compensate for magnesium. Fig. 5 shows the effects of adding magnesium on the thermal stability of 29 and GA1 pRNAs. The thermal unfolding of pRNA is highly cooperative as indicated by the sharp transition in UV absorbance. The temperature at which this transition occurred did not change with increasing concentration of RNA from 3 to 10 M, which is consistent with unimolecular unfolding. No transition was observed below 20°C. In 29 and GA1 sequences, both the monomer and dimer formed at 4°C in the optical melting buffer conditions of 100 mM NaCl and 10 mM MgCl 2 (supplemental Fig. S7 ). If there is any hyperchromicity associated with the loss of intermolecular base pairs, then this transition occurs together with the unfolding of the pRNA molecule. In the absence of magnesium, the 29 and GA1 pRNAs showed similar melting temperatures. The addition of 5 mM MgCl 2 significantly stabilized 29 and GA1 pRNAs and increased the melting temperatures from 49.6 to 63.5°C and from 50.2 to 63.9°C, respectively. Further increases in MgCl 2 to 10 mM provided no additional stability (supplemental Fig. S7 ), which indicates a specific ion effect rather than a general increase in stability from increased salt concentration.
The CD spectra are consistent with the addition of magnesium stabilizing a transition from one folded conformation to another folded conformation rather than inducing a transition from unfolded to folded conformations. The CD spectra of 29 and GA1 pRNAs in different ionic conditions showed a maximum peak near 260 nm, a minimum peak near 210 nm, and a small negative peak near 290 nm (supplemental Fig. S8 ), which are characteristic of A-form RNA helices. The addition of 10 mM MgCl 2 reduced slightly the maximum peak at 260 nm, which also suggests a specific ion effect.
Sodium Ion Concentrations and Temperature Affect pRNA Assembly Differently for Different Natural Sequences-Sodium ions and renaturing temperature synergistically affected pRNA self-assembly. For example, at room temperature in the presence of 10 mM MgCl 2 (supplemental Fig. S9 , lane 3 of each pRNA), 29 pRNA formed monomers and dimers; M2 pRNA formed dimers and a multimer; GA1 pRNA formed almost only monomer; and SF5 pRNA formed many higher order multimers. SF5 pRNA showed extraordinary competence of multimerization at room temperature but no self-assembly with snap cooling to 4°C in 10 mM MgCl 2 and 100 mM NaCl (supplemental Fig. S10 ). In contrast, SF5 formed a monomer and trimer with snap cooling to 4°C in lower sodium chloride concentrations, i.e. 10 mM MgCl 2 and 5 mM NaCl (Fig. 3) . The complex sequence-dependent effects of sodium ion concentration and renaturation temperature may result from the differences in the architectures of different pRNA natural sequences. The different multibranch loops and bulge loops in different pRNA sequences may have different interactions with metal ions or different probabilities for orientations of the helices that could affect pRNA self-assembly.
In conclusion, the four natural pRNA sequences contain very few conserved nucleotides (Fig. 1) . The single nucleotide bulges vary in sequence and position in the helix, and the multibranch loops between the A, C, and D helices also vary in size and sequence. Thus, each pRNA sequence offers different opportunities for additional stabilizing tertiary and quaternary interactions. This sequence variation may explain the difference in stabilities between the natural pRNA sequences and the double mutants with the interlocking loop sequences transplanted into different surrounding sequences, differing propensities for multimer formation, and different magnesium ion dependences in different pRNA sequences. Interestingly, the free energy of pRNA dimerization is approximately the same for all pRNA sequences despite different predicted stabilities for the Watson-Crick base pairing interactions in the interlocking loops. Thus, perhaps the pRNA sequences evolved to maintain a minimum stability in multimerization, and as the CE and D loop sequences evolved, the single nucleotide bulges and multibranch loop sequences also evolved to make energetically compensating changes. Thus, pRNA self-assembly may be stabilized by many noncovalent tertiary and quaternary interactions and magnesium ion interactions in addition to the base pairing in the interlocking loops.
